Understanding how dispersal and gene flow link geographically separated the populations over evolutionary history is challenging, particularly in migratory marine species. In southern right whales (SRWs, Eubalaena australis), patterns of genetic diversity are likely influenced by the glacial climate cycle and recent history of whaling. Here we use a dataset of mitochondrial DNA (mtDNA) sequences (n = 1327) and nuclear markers (17 microsatellite loci, n = 222) from major wintering grounds to investigate circumpolar population structure, historical demography and effective population size. Analyses of nuclear genetic variation identify two population clusters that correspond to the South Atlantic and Indo-Pacific ocean basins that have similar effective breeder estimates. In contrast, all wintering grounds show significant differentiation for mtDNA, but no sex-biased dispersal was detected using the microsatellite genotypes. An approximate Bayesian computation (ABC) approach with microsatellite markers compared the scenarios with gene flow through time, or isolation and secondary contact between ocean basins, while modelling declines in abundance linked to whaling. Secondary-contact scenarios yield the highest posterior probabilities, implying that populations in different ocean basins were largely isolated and came into secondary contact within the last 25,000 years, but the role of whaling in changes in genetic diversity and gene flow over recent generations could not be resolved. We hypothesise that these findings are driven by factors that promote isolation, such as female philopatry, and factors that could promote dispersal, such as oceanographic changes. These findings highlight the application of ABC approaches to infer the connectivity in mobile species with complex population histories and, currently, low levels of differentiation.
Introduction
Migratory marine species, such as sea turtles, sharks, sea birds and marine mammals, are by nature highly mobile, and many lack obvious barriers to long-distance movement (Bonfil et al. 2005; Benson et al. 2011; Mate and Best 2011) . Despite this, many such species also have geographically subdivided populations. A key question when managing contemporary populations of migratory marine species is whether such geographically distinct populations are linked by current dispersal or gene flow, or are now isolated and experiencing genetic drift. Such questions are of interest in understanding the evolution of population structure, and are also of importance for management, given the disproportionate number of migratory marine species that are of conservation concern (Hoffmann et al. 2010; Croxall et al. 2012; Dulvy et al. 2014; IUCN 2017) . When using genetic data to investigate such questions, it is recognised that patterns of genetic variation within and among populations result from the interplay of evolutionary forces through time. Consequently, to understand the potential genetic impacts of contemporary anthropogenic processes, it is important to ask how the current genetic structure of a species reflects its history of population dynamics and adaptive challenges (Jobling 2012) .
The demographic histories of migratory marine species have been strongly influenced by oceanographic and climatic processes that shape the distribution of primary productivity and prey resources (Pastene et al. 2007 , Bowen et al. 2016 , and suitable habitats (Fontaine et al. 2010; Munro and Burg 2017) , as well as a species' dispersal strategy and capacity (Bowen et al. 1994; Munro and Burg 2017; Pichler et al. 2001; Veríssimo et al. 2017) . Life history traits, such as philopatry (Andreotti et al. 2016; Bowen et al. 2016) , social organisation (Baker et al. 1993; Palsboll et al. 1995; Whitehead 1998) and mating systems (Palsbøll et al. 2010; Hoelzel 1999) , also influence the patterns of genetic diversity in natural populations of migratory marine species. Recent anthropogenic impacts, such as direct hunting and habitat degradation, have also affected the contemporary patterns of genetic diversity in such species (e.g., Pinsky and Palumbi 2014) . However, interpreting the impact of recent anthropogenic activity on longer-lived migratory marine species, such as baleen whales, is controversial (Alter et al. 2012; Attard et al. 2015) . The long and overlapping generation times of baleen whales (20 +years: Taylor et al. 2007 ) may have slowed the loss of genetic diversity during the demographic bottleneck caused by whaling, which was severe for many species but relatively short-lived.
Here we focus on a migratory baleen whale species with circumpolar distribution (Fig. 1, IWC 2001; Richards 2009 ), the southern right whale (SRW: Eubalaena australis). During winter, SRWs typically inhabit shallow, sheltered coastal areas at mid-latitudes, where the females calve and both the sexes socialise. During spring, SRWs migrate to offshore summer feeding grounds in midlatitudes to high-latitudes (IWC 2001) . Given these habitat preferences, we suggest that the historical demography of SRWs has been influenced by the transition from last glacial maximum (LGM) to Holocene, during which the sea levels rose dramatically, primary productivity increased and the Antarctic sea ice cover decreased while becoming more seasonal (Gersonde et al. 2005; Clark et al. 2009; Denis et al. 2009; Allen et al. 2011; Scourse 2013; Bentley et al. 2014) . These changes impacted the shallow, near-shore marine environment used as SRW wintering areas; many such areas would have become unsuitable due to rise in the sea level, while newer, larger potential wintering areas were created during the expansion of shallow marine habitat (Scourse 2013) . These disruptions could have plausibly precipitated increased dispersal rates among SRW wintering grounds, leading to secondary contact between the previously isolated populations.
Furthermore, whaling and the species' subsequent recovery may have influenced the connectivity between wintering grounds (Allendorf et al. 2008) . Between the eighteenth and twentieth centuries, whalers killed an estimated 150,000 or more SRWs, driving a hemispheric population size decline from~100,000 whales to possibly fewer than 400 whales by 1920 (IWC 1986 (IWC , 2001 (IWC , 2012 Jackson et al. 2008) . Covert Soviet whaling from 1951 to 1971, in violation of international protection from the League of Nations introduced in 1931 (IWC 1986) , further slowed the species' recovery: the 3368 SRWs killed (Tormosov et al. 1998 ) comprised an estimated 50% of the hemispheric population size at that time (Jackson et al. 2008) . Today, the species has recovered in some parts of its former range. Large aggregations now occur in some key Fig. 1 Map of a historical and b contemporary southern right whale winter habitat. The contemporary distribution is divided into large wintering aggregations (dark grey squares) and areas with sporadic sightings (coastal regions coloured white: see Supplementary Material 2 for references). Samples included in this study are from nursery grounds with bold acronyms: ARG (Argentina), SAF (South Africa), SWA (southwest Australia), and NZSA (New Zealand sub-Antarctic), but not from the BZL (Brazilian) and SCA (southcentral Australia) nursery grounds, also marked on the map. Also included are samples from the SEA nursery ground (southeast Australia, marked by open black square) and mainland New Zealand wintering habitat, which are a part of the sporadic sightings calving/nursery areas (e.g., Argentina, South Africa, Australia; see Fig. 1 ), while regular sightings of small numbers of SRWs occur in other parts of the historical range (Bannister 1990; Best 1990; Patenaude et al. 1998; Cooke et al. 2001; Groch et al. 2005; Carroll et al. 2013) . The latter areas could represent the remnant populations (e.g., Chile/ Peru: Reilly et al. 2008 ) and/or areas that are undergoing recolonisation from larger wintering aggregations (e.g., mainland New Zealand: Carroll et al. 2014) . Recolonisation and asymmetric migration rates could have resulted from the differential rates of recovery shown by SRW wintering grounds (IWC 2001) , promoting higher levels of connectivity in the aftermath of whaling.
Genetic studies of several extant SRW populations, defined by current calving grounds, using a short fragment of the mitochondrial (mtDNA) control region (275 bp), showed hierarchical population structure, indicating limited connectivity between the South Atlantic and Indo-Pacific ocean basins (Patenaude et al. 2007) . Female philopatry was invoked as a major cause of this pattern, as long-term studies of the individually identified SRWs show long-term fidelity to natal wintering grounds Carroll et al. 2016) . Subsequent studies integrating the stable isotope and the genetic data of contemporary populations suggests some degree of maternally directed learning of both wintering and summer feeding grounds (Carroll et al. 2015; Valenzuela et al. 2009 ).
Here, we build on the previous work using mtDNA haplotype sequences from 1327 individuals (~10% of the current global population) and 17 nuclear DNA microsatellite genotypes for 222 individuals (~2% of the population), allowing both mtDNA and nuclear DNA diversity and population structure to be inferred for the first time on a circumpolar scale in the SRW. This extensive dataset allows us to begin to disentangle the contemporary and historical factors that account for the observed patterns of genetic variation, thereby illuminating the complex population dynamics of this widely distributed species. Specifically, we make inferences about the past and the current patterns of gene flow, while taking into account the non-equilibrium population dynamics, and provide the information for conservation and management of this species, now recovering from centuries of whaling.
We use approximate Bayesian computation (ABC) to evaluate the relative power of alternative historical scenarios to explain the phylogeographic pattern of the mtDNA haplotypes previously described (Patenaude et al. 2007) , and the potential impact of whaling on connectivity. Patenaude et al. (2007) described a mtDNA phylogeographic pattern for SRW consistent with two competing hypotheses: (A) random lineage sorting in a species with continuous gene flow or (B) secondary contact between the formerly isolated populations (Avise 2000) . Under hypothesis (A), we posit that there was continued gene flow, potentially male-biased, between the wintering grounds after population divergence. Under hypothesis (B), we posit that the wintering grounds in the South Atlantic and Indo-Pacific ocean basins became isolated following divergence, but came into secondary contact as a result of the environmental change following the last glacial maximum (LGM, (16) (17) (18) (19) (20) ,000 years before present: Clark et al. 2009 ).
We interpret our results in the context of two different conservation management frameworks. The first framework (Wade and Angliss 1997) defines subpopulations or stocks as groups for which the demographic processes operating within the group are more important for persistence than immigration from other subpopulations. The second framework (Crandall et al. 2000) views subpopulations as groups that can be defined on the basis of contemporary and historical ecology and genetic exchangeability.
Materials and methods

Genetic data generation and compilation
For both the microsatellite and mtDNA control region analyses, we used a combination of previously published data sources (Carroll et al. 2015; Valenzuela et al. 2009) and new data ( Table 1 , Supplementary Material 1, Supplementary Table 1 ). Allele calls were standardised between laboratories for the microsatellite data, and the standard quality control measures were taken, including tests for deviation from Hardy-Weinberg equilibrium and genotyping error rate estimation (Supplementary Material 1). All sampling areas were nursery grounds except for the Australian wintering habitat, which is a mixture of migratory corridors and winter nursery areas (Carroll et al. 2015) . Therefore, we make some comparisons using samples from the southeast and southwest Australian nursery grounds only and others, using the entire Australian wintering habitat sample.
Estimates of genetic diversity
We estimated the standardised allelic richness with FSTAT v 2.9 (Goudet 1995) , and estimated the observed and the expected heterozygosity for each microsatellite locus per sample partition using GenoDive v2.0 (Meirmans and van Tienderen 2004) . We estimated the haplotype and the nucleotide diversity for the mtDNA sequence data using Arlequin v3.5 (Excoffier and Lischer 2010) , and tested for significant differences in these statistics between sample partitions using permutation tests (Alexander et al. 2016) . To obtain comparable estimates of the number of haplotypes detected between sample partitions, we randomly selected 12 individuals from each partition, with replacement, 1000 times, to estimate the mean number of haplotypes (and its standard deviation). We estimated apparent contemporary N e from the microsatellite genotypes using the bias-corrected version of the linkage disequilibrium method (Waples 2006) , as implemented in programme NeEstimator v2.01 (Do et al. 2014 ).
Investigating contemporary patterns of genetic diversity
We undertook an hierarchical Analysis of Molecular Variance (AMOVA (Excoffier et al. 1992) ) for both mtDNA and microsatellite data in Arlequin, with the wintering grounds grouped into ocean basins, the significance of which was assessed with a permutation test (50,000 permutations, α = 0.05). We estimated the pairwise genetic differentiation between sample partitions for the microsatellite loci by calculating the overall and pairwise F ST and Jost's D statistic (Jost 2008) using GenoDive and for the mtDNA data, by calculating the overall and pairwise F ST and Φ ST statistics using Arlequin. The probability of the observed level of differentiation occurring in a panmictic population was estimated using the log-likelihood G test in GenoDive (microsatellite) and the permutation test in Arlequin (mtDNA), for a total of 10,000 permutations each.
We used two complementary methods to detect the genetic clusters within the microsatellite data: discriminant analysis of principal components (DAPC) using the R package adegenet Ahmed 2011) and STRUCTURE v2.3.4 (Pritchard et al. 2000) . DAPC is a generic multivariate method that makes few assumptions about the underlying data and seeks to maximise the between-group variation, while minimising the withingroup variation. We ran the DAPC with samples grouped by wintering grounds and by nursery grounds (Australian migratory corridor samples were excluded). Data were visualised by plotting samples by linear discriminant coordinates. In contrast, STRUCTURE method attempts to group the individuals into clusters that minimise deviations from the Hardy-Weinberg equilibrium and linkage disequilibrium. The fit of the data to K populations was assessed in STRUCTURE method under the admixture and correlated allele frequency model, with and without prior information on the sampling locations of the data (location prior set as wintering ground). Ten replicates of K = 1-5 were conducted, each with burn-ins of one million iterations and runs of ten million Markov chain Monte Carlo (MCMC) iterations, and the convergence was assessed by visually inspecting the summary statistics (e.g., F ST ). We used CLUMPAK to summarise the modes or distinct solutions for each value of K (Kopelman et al. 2015) and assessed the most likely value of K using the mean log likelihood from across the ten runs, summarised using the STRUCTURE HARVESTER (Earl and VonHoldt 2012) . The relationship between the population structure and the geographic location was quantified using ObStruct (Gayevskiy et al. 2014) .
We investigated whether the phylogeographic pattern, originally documented in the mtDNA by Patenaude et al. (2007) , was still evident with our larger dataset, by estimating a phylogenetic tree using MrBayes v3.2 (Ronquist et al. 2012 ) and the sequences from all three right whale species (E. australis, E. japonica and E. glacialis). We used Table 1 Summary of the number of samples and diversity statistics for mitochondrial DNA control region (mtDNA) and microsatellite markers (17 loci) for southern right whale nursery areas in Argentina, (ARG), South Africa (SAF), New Zealand (NZ), southwest Australia (SWA), southeast Australia (SEA) and the overall Australian wintering habitat (AUS-WH) and ocean basins (Indo-Pacific; IP and South Atlantic; SA). For mtDNA, the sample size (n m ), number of haplotypes (n hap ), standardised haplotype richness (ns hap ), haplotype (h) and nucleotide (π) diversities (with standard deviation, ± SD) are shown. For microsatellites, the sample size (2n), standardised allele richness (k) and observed and expected heterozygosities (H OBS and H EXP ), and effective population size (N e ; lowest allele frequency 0.02 and jackknifed confidence intervals CI) are shown. MrBayes v3.2 to simultaneously select the best model of evolution and construct a phylogenetic tree, by sampling across the substitution model space in the Bayesian MCMC analysis itself. The analysis was conducted using the sequences of the unique SRW mtDNA control region haplotypes and previously published sequences from the North Atlantic (E. glacialis) and North Pacific (E. japonica) right whales (see Supplementary File 1 for accession numbers and Supplementary File 2 for the nexus file of SRW sequences used). We undertook two runs of MrBayes, each with two chains that were run for one million iterations, using the bowhead whale (Balaena mysticetus) sequence as an outgroup. We compared the standard deviation of the split frequencies (<0.01) and the potential scale reduction factor (PSRF, should be close to 1) to detect whether the convergence had been reached, and then ran the programme for additional iterations, if required. We summarized the tree and branch length information after discarding the first 25% of trees as burn-in and used MrBayes to generate the consensus tree with clade credibility (posterior probability) values. We also constructed a median joining network (Bandelt et al. 1999) for the haplotypes using POPART (Leigh and Bryant 2015) to examine the relationships and distributions of haplotypes (with ε = 0).
Estimating contemporary and long-term gene flow
We used the programme BayesAss v3.0 (Wilson and Rannala 2003) to co-estimate the recent migration rates (past two generations), individual assignment and ancestries, based on the microsatellite genotypes. Initial runs were conducted to calibrate the mixing parameters and to ensure that the acceptance rates were in the optimal range of 0.2-0.6. During this phase, we adjusted the allele-frequency mixing parameter to 0.15, but decided to keep all other parameters at their default values (0.10). We then conducted five BayesAss runs of ten million iterations with initial burnins of one million iterations. Parameters were sampled every 1000 iterations and the traces were visually checked for convergence in TRACER v1.6 (Rambaut et al. 2014) . We reported the median migration rates with 95% HPD interval from all runs and mean assignment probabilities of individuals across the five runs. We tested for sex-biased dispersal with the R package hierfstat (Goudet and Jombart 2015) , looking for differences in F ST and the variance of corrected assignment indices (vAIc) between males and females (Goudet et al. 2002) . The significance of the difference was tested using null distributions generated with 1000 permutations (Goudet et al. 2002) .
We attempted to estimate the long-term gene flow rates using the coalescent-based programme LAMARC v 2.0, as this programme simultaneously estimates migration rates, growth rates and θ (Kuhner 2006) . In principle, this method can account for changes in abundance caused by whaling, and also avoid positively biasing diversity estimates by accounting for migration (Kuhner 2006) . We used the Bayesian option for LAMARC, and ran the two replicates, each comprising one chain with 100,000 sampled genealogies, sampled every 50th genealogy, discarding the first 25,000 samples of each search. To improve search performance of the Bayesian option, we followed the suggestion from the LAMARC manual, of employing a search strategy with three heated chains (1.0, 1.1, and 1.3, respectively). We conducted one LAMARC run using all the microsatellite data, as the LAMARC manual recommends one longer run with heating to obtain the best results for the Bayesian option. Given the large size of the mtDNA dataset, we ran three replicates of LAMARC, each with a different set of 100 individuals (n = 25 each for Argentina, South Africa and New Zealand nursery areas and the Australian wintering habitat), randomly subsampled from the larger dataset without replacement. Long-term and whaling era migration rates were also estimated with ABC analyses (see below).
Inferring historical gene flow and demographic history of SRWs
We employed the approximate Bayesian computation (ABC) to test competing hypotheses regarding changes in N e and gene flow from the observed microsatellite data. These initial scenarios were generated by previous work, characterising the mtDNA phylogeographic pattern, which has been described as either consistent with continuous gene flow after divergence or isolation followed by secondary contact (Patenuade et al. 2007 ). The mtDNA data were not included in the ABC analyses, as the hypotheses being tested were generated from the mtDNA phylogeny. To test the hypothesis that whaling could have impacted the connectivity between wintering grounds, we included scenarios in which the rates of gene flow rate changes in the whaling era. As a type of null model, we include a scenario with no gene flow after divergence.
A total of six scenarios were examined ( Fig. 2) : continuous gene flow following population divergence at a single migration rate M H (Scenario 1) or two migration rates: one since divergence M H and one since the whaling era M W (Scenario 2); isolation following divergence, with either or no subsequent gene flow (Scenario 3); or gene flow at one migration rate since the whaling era M W (Scenario 4), or one migration rate since the secondary contact, M C (Scenario 5); or two migration rates: one since the secondary contact, M C , and one since the whaling era, M W (Scenario 6).
All scenarios incorporated a reduction in N e due to whaling, followed by a recovery (see Table 2 for prior distributions), and the timing of these events was fixed at nine and two generations before present, respectively. We assumed an average effective generation time of 25 years (Taylor et al. 2007 ) and a per-generation mutation rate for the microsatellite loci of 5 × 10 −4 (Estoup et al. 2002 ). For each scenario, 100,000 coalescent simulations were run with fastsimcoal2 (Excoffier and Foll 2011) , and 17 summary statistics (Supplementary Table 2 ) were calculated in arlsumstat v3.5.2 (Excoffier and Lischer 2010). We analysed the results in an ABC framework with the R package abc (Csilléry et al. 2012 ) using the neural networks algorithm (Blum and François 2010) with 1% acceptance ratio to estimate the posterior parameters, a method that is suitable for high-dimensional, correlated summary statistics (Csilléry et al. 2012) . Model selection was conducted by calculating the posterior model probabilities and Bayes factors (BF) in the abc package. BF was calculated for all possible pairs of models and was interpreted following the scale of Jeffreys (1961) ; see Supplementary Table 3 ). The ability of the ABC approach to distinguish between the best-selected models was assessed using a cross-validation function in the abc package. In addition, we undertook the posterior predictive checks using nine summary statistics not employed in the initial ABC analysis. The posterior predictive checks were carried out by sampling 1000 combinations of model parameters from the posterior distributions for scenarios, and using these as the input for coalescent simulations in fastsimcoal2 with the same settings as used for the initial scenarios. For each of the 1000 simulations per scenario, we calculated the 95% confidence intervals and determined whether these encompassed the observed value.
Results
Microsatellite genotyping and diversity statistics
In total, 222 individuals were genotyped at an average of 16.2 of 17 microsatellite loci, with an estimated error rate of 0.7% per allele (for more information see Supplementary Material 1). The microsatellite-based diversity statistics were broadly comparable across ocean basins and nursery areas (Table 1) . In contrast, the mtDNA data (Table 1) showed generally higher levels of diversity in the South Atlantic than in the Indo-Pacific nursery grounds. Permutations confirmed that this was a statistically significant difference for both nucleotide and haplotype diversity (at α = 0.05).
As the samples comprise of overlapping generations, the estimates of N e , based on microsatellite loci, actually reflect the number of effective breeders (N b ) that produced the sample. Estimates of N b were broadly similar across ocean basins and Argentinean and South African nursery grounds (Table 1; Supplementary Table 4) . For the two individual Australian nursery grounds and the New Zealand wintering ground, the estimates of N b had undefined upper boundaries, and for the former, this is likely due to the small sample sizes. For the New Zealand wintering ground, we suggest it is due to the increased variance and lower precision found when using the bias-corrected linkage disequilibrium method in populations with large N e (Waples and Do 2010) . However, the lower bound has been shown to be reliable in such cases (Waples and Do 2010) , so N b = 192 is probably a reasonable lower bound for the New Zealand wintering ground. Fig. 2 Scenarios compared using the approximate Bayesian computation framework. The six scenarios include continuous gene flow following population divergence with migration varying by scenario; Scenario 1: single migration rate M H ; Scenario 2: two migration rates: one since divergence M H and one since the whaling era M W ; or isolation following divergence, with either: Scenario 3: no subsequent gene flow; Scenario 4: gene flow at one migration rate since the whaling era M W ; Scenario 5: one migration rate since secondary contact, M C ; or Scenario 6: two migration rates: one since secondary contact, M C , and one since the whaling era, M W . In all scenarios, the populations diverge at time DIVERGENCE and maintain one HIST N e until whaling, when each population declines to bottleneck population size BOT N e during the whaling era and subsequently recover to REC N e population size
Contemporary patterns of genetic diversity
The AMOVA analyses and fixation indices indicated greater variation between ocean basins (AMOVA: F ST = 0.126 and Φ ST = 0.131 for mtDNA, F ST = 0.024 for microsatellites, all at p < 0.01) than among wintering grounds within the ocean basins (F ST = 0.052 and Φ ST = 0.082 for mtDNA, F ST = 0.004 for microsatellites, all at p < 0.01; see Table 3 and Supplementary Table 5 Microsatellite loci data clustered by ocean basins, based on the STRUCTURE analysis, particularly with location prior set as nursery or wintering ground (Fig. 3a, b) . This was supported by log likelihood suggesting the best K = 2, with cluster corresponding to ocean basin and ObStruct analysis showing that there was a strong (R 2 = 0.95) and significant (p < 0.0001) correlation between ocean basin and genetic cluster. When no prior population information was provided, the highest likelihood was for K = 1 (Fig. 3) , which is not surprising, given that the STRUCTURE analysis has little power to resolve population structure F ST < 0.02 (Latch et al. 2006) . However, when K = 2, the next best fitting K, was analysed with ObStruct, there was a significant correlation (p < 0.0001) between ocean basin and genetic cluster (R 2 = 0.45). When grouped by wintering grounds, DAPC separated samples with ocean basins along linear discriminant 1 (LD1) and by wintering grounds within ocean basins along LD2 (Fig. 3c) . There was an overlap between Indo-Pacific wintering grounds, as described previously (Carroll et al. 2015) , although when grouped by nursery grounds, the distinctiveness of the southwest Australian samples was emphasised (Supplementary Figure 1) .
As expected, the global mitochondrial phylogenetic tree for the three right whale species shows distinct clades into which North Pacific, North Atlantic and southern hemisphere individuals sort cleanly (Supplementary Figure 2) . Posterior predictive checks 6/9 7/9 7/9
A. Prior log-uniform distributions used for ABC analysis and posterior values obtained for the South Atlantic (SA) and Indo-Pacific (IP) ocean basins under Scenarios 4-6. Posterior mode and 95% HPDs are reported for migration rates (M C : constant migration rate since secondary contact; M W : migration rate since whaling era), effective population sizes (N e ) and time in generations since secondary contact (CONTACT) and population divergence (DIVERGENCE). Effective population sizes are shown schematically in Fig. 2 and are divided into historical or pre-whaling (HIST N e ), bottleneck (BOT N e ) and recovery (REC N e ). B. Posterior support, as shown by the posterior model probability, Bayes factor (relative to Scenario 5), and the number of posterior predictive summary statistics that encompassed the observed value
Convergence was indicated as the average standard deviation of split frequencies was 0.005 and the PRSF was 1.00. Within SRWs, the Indo-Pacific sample contains just 13 haplotypes in a total sample of 769 individuals, while the South Atlantic sample contains 55 haplotypes (4.2 times as many) in a total sample of 558 (0.73 times as many). The 13 Indo-Pacific haplotypes are broadly distributed through the SRW genealogy, as are many other common haplotypes (Fig. 3d) . This is the Type II phylogeographic pattern, described as pronounced phylogenetic gaps between some branches in a gene tree, with principal lineages showing no obvious geographic pattern (Avise 2000) , as previously described (Patenaude et al. 2007 ) for SRWs. However, the Indo-Pacific samples could possibly be derived from expansions from a few ancestral sequences, which could imply a small founding population.
Estimates of contemporary and long-term gene flow
We pooled Argentina and South Africa to represent the 'South Atlantic' and pooled New Zealand and Australia to represent the 'Indo-Pacific' for the BayesAss analysis, following the nomenclature previously used (Patenaude et al. 2007 ). Inspection of the traces for all five runs indicated that convergence was achieved with effective sample sizes for all parameters on each run >450. The migration rate estimates were consistent across runs (Supplementary Table 6) , and the median migration rate (proportion of individuals that are migrants) from the South Atlantic to the IndoPacific was 0.038 (95% HPD 0.006, 0.083) and 0.028 (95% HPD < 0.001, 0.068), in the reverse direction (Supplementary Figure 2 ). BayesAss analysis identified two putative first-generation and four second-generation immigrants, though mostly with low confidence (Supplementary Table  7 ). There was no evidence of sex-biased dispersal between ocean basins, based on either the F ST or vAIc metrics, using the microsatellite genotypes (p > 0.05 for all analyses). The three runs of the coalescent sampler LAMARC with different random subsamples of the mtDNA dataset produced similar patterns and so the results were combined for parameter estimation using TRACER. While the combined effective sample sizes were sufficient (>500), the traces did not show signs of convergence for all parameters. The LAMARC analysis, using microsatellite markers, also failed to converge, so we do not present the results.
Historical demography of the SRW
The ABC analysis yielded near-zero posterior probabilities (<0.0001) for the demographic scenario with no gene flow (scenario 3) and those with continuous gene flow (scenarios 1 and 2, see Supplementary Table 8 ). In contrast, the posterior model probability and the BF estimates (Table 2) strongly support the scenarios, simulating secondary contact between previously isolated populations (scenarios 4-6), and we focus on the results of these scenarios in the rest of the paper (posterior distributions can be found in Supplementary File 3).
Of the three models simulating secondary contact, scenarios 5 and 6 showed the best fit to the data, based on posterior model support and BF (Table 2B ). The support for scenario 5, which had one constant migration rate since secondary contact, was marginally greater than that for scenario 6, which had one post-secondary contact and one post-whaling migration rate (Table 2B , Supplementary  Figure 5) , with a BF = 1.29, which is barely worth mentioning on Jeffreys' (1961) scale for interpreting BF. The cross-validation analysis showed that, while scenario 4 was distinguishable from scenarios 5 and 6, these two latter scenarios were misclassified as each other >30% of time. This implies that the ABC method was unable to distinguish between scenarios that differ by events that happened in the recent past (<10 generations), given the available dataset. In light of this, and the fact that the post-contact and postwhaling migration estimates for scenario 6 were very similar to each other and to the post-contact estimate from scenario 5 (all <0.03), we suggest that scenario 5 offers the most parsimonious scenario to explain the observed data (see Supplementary File 3 for graphs of model fit, and prior and posterior distributions). Overall, the evidence is consistent with the hypothesis that secondary contact was stimulated by environmental changes that occurred near the end of LGM. Obvious candidates would include sea-level rise, which was dramatic and changed the spatial distribution of suitable wintering habitat (Scourse 2013) , potentially triggering increased dispersal in search of better places to calve and socialise. We were unable to resolve the timing of the initial secondary contact, as the estimates span 11-960 generations ago (corresponding to 275-24,000 years, assuming a 25-year effective generation time), which includes the beginning of the present warm interglacial period.
Discussion
This first investigation of global diversity and population structure for SRW using both mtDNA and nuclear DNA markers highlights a complex interplay between the forces promoting isolation (e.g., philopatry and migratory fidelity) and the forces promoting connectivity (e.g., climate change). The ABC results robustly support a period of historical isolation that was followed by secondary contact between ocean basins. As right whales can easily swim thousands of kilometres, both the isolation and its subsequent breakdown were likely the consequences of behavioural mechanisms, presumably the same ones that continue to isolate the populations today, as reflected in the heterogeneity of gene-flow estimates across the Southern Hemisphere. The present data and analyses do not provide Fig. 3 Inference of population structure of the southern right whale wintering habitats. Samples collected in Argentina (ARG) and South Africa (SAF) are pooled to form the South Atlantic dataset and samples from Australia (AUS) and New Zealand (NZ) are pooled to form the Indo-Pacific dataset. a, b STRUCUTRE results (left); mean log likelihood (LnP(K)), for K = 1-5, and (right) the proportion of each individual's genome that is assigned to each cluster when K = 2 for a standard admixture setting and b location prior implemented. c Individuals plotted by linear discriminants (LD) from DAPC conducted with samples grouped by wintering ground. The large symbols show the centroid of each wintering ground. d Median joining haplotype network of mtDNA haplotypes. Haplotypes are coloured by wintering ground they were sampled in, using key shown. Inferred, unsampled haplotypes are shown by small black circles sufficient resolution to resolve the debates about the impact of whaling on SRW genetic diversity, but they do bear on a number of general issues in population management.
Connectivity through time: impacts of natural and anthropogenic changes
The finding of isolation and secondary contact between the Indo-Pacific and South Atlantic suggests that SRWs in the two ocean basins had limited connectivity, until less than 1000 generations ago (25,000 years, assuming a 25-year effective generation time). This implies that for thousands of generations after divergence, the populations were relatively isolated, with the most parsimonious explanation being behavioural mechanisms such as female philopatry, discussed in-depth below. The timing of secondary contact supports our hypothesis, that the transition from LGM to Holocene precipitated the secondary contact, but other, more recent factors cannot be ruled out. The impact of profound climatic change, such as the transition to Holocene after LGM, will depend on the ecology of the species. For example, both Antarctic blue (Balaenoptera musculus musculus) and bowhead whales saw decrease in effective population sizes linked to the decline of their sea ice habitat after LGM (Attard et al. 2015; Phillips et al. 2013) . By contrast, the emergence of new breeding habitat and productive foraging areas coincident with deglaciation, reduction in sea ice and increasing productivity during the Holocene after LGM, led to postglacial population expansion in a number of penguin species and southern elephant seals (Mirounga leonina) in the Southern Hemisphere (Younger et al. 2016 ). Other species have apparently adapted to new conditions; Pyenson and Lindberg (2011) suggest that the grey whale (Eschrichtius robustus) can switch prey, enabling the species to maintain a constant population size across glacial cycles.
The impact of glaciation on connectivity within species is less well studied than its impact on effective population sizes, but its effects would be expected to depend on dispersal ability, population density and ecological necessity or opportunity (Bérubé et al. 1998; Phillips et al. 2011 ). In the ice-adapted and vagile bowhead whale, heavy sea ice three thousand years ago did not prove a barrier to connectivity across the Holarctic, based on a comparison of historical and contemporary mtDNA data (Alter et al. 2012) . In contrast, dispersal rates increased in the Steller sealion (Eumetopias jubatus) coincident with an increase in glaciation that disrupted breeding habitat (when effective population size was high; Phillips et al. 2011) . We suggest that SRWs may have experienced something similar, when their breeding areas were disrupted by sea-level rise following the LGM, prompting increased dispersal between shifting constellations of winter breeding grounds.
Our point estimates of migration from the Indo-Pacific into the South Atlantic from BayesAss are tenfold higher than the estimates of post-contact migration from ABC. Whether this difference reflects a real, very recent increase in migration, or a bias in BayesAss estimates, probably linked to the violation of continuous migration assumption of the programme, is not clear. A recent increase in migration could plausibly be linked to recovery from whaling. Allendorf et al. (2008) suggested that hunting could either increase directional gene flow into certain populations, for example, into low density areas, or it could decrease migration with concomitant reductions in population size and density. Increase in migration linked to population expansion and recolonisation has been seen in other marine mammals such as the migration from areas of high to low density implicated in the recovery of populations of grey seals (Brasseur et al. 2014) . As our estimate of recent gene flow in SRW does not appear to be asymmetric, the change in migration rate could also reflect hunting's impact on behavioural processes across populations. Hunting appears to effect the timing of migratory events in sockeye salmon (Oncorhynchus nerca) (Quinn et al. 2007) , as well as characteristics such as boldness (Leclerc et al. 2017 ) that could influence exploratory behaviour (although this is controversial; Mueller et al. 2014; Rollins et al. 2015) . Disruption to breeding behaviour or aggregations could also have precipitate increased dispersal during or subsequent to the whaling era. For example, the disruption of humpback whale breeding aggregations is thought to have influenced meta-population dynamics (Clapham and Zerbini 2015) . This idea, the social aggregation hypothesis, holds that hunting-induced disruption to the humpback whale's social system led to movement of animals from low density to high density breeding aggregations as the species recovered from whaling (Clapham and Zerbini 2015) . Hunting, particularly in the early pre-industrial era, targeted coastal wintering grounds used by aggregations of SRWs as calving, socialising and breeding areas (Smith et al. 2012) . Disruption of behaviours at wintering grounds by whaling could have prompted dispersal events in recent generations, just as disruption of wintering grounds by the expansion of shallow seas during the Holocene could have thousands of years prior.
An alternative explanation for a recent increase in migration rates is that the demographic history of the SRWs violates the assumptions of BayesAss, in which case the estimates of migration rate from this programme could be biased. BayesAss considers a constant population size scenario and implicitly assumes that migration is continuous through time. Linkage or gametic disequilibrium observed in a population is due to the recent migration, which increases concomitantly with levels of genetic differentiation amongst populations. However, the demographic history of SRWs, with secondary contact following isolation and the demographic decline due to whaling, likely increased the linkage disequilibrium beyond what is expected under continuous migration and constant population sizes. This would lead to an overestimate of migration rates. Simulation studies indicate that if the model assumptions are violated, BayesAss still performs well if migration rates are low (<0.01) and F ST is high (>0.10) (Faubet et al. 2007) , however, in the present study F ST is fairly low (F ST = 0.024). Additional empirical and theoretical work should be directed towards resolving this biologically interesting question, which has potentially large implications for attempts to predict how SRWs might respond to future climate change.
More generally, it is important to consider the limitations of the methods used to infer connectivity in non-equilibrium situations. The ABC framework is highly flexible and can explicitly simulate and compare scenarios involving isolation with gene flow and isolation with secondary contact scenarios. Previous suggestions that coalescent-based methods may also be able to differentiate such models based on the timing of migration estimates have proven incorrect (Gaggiotti 2011) , based on both theoretical (Sousa et al. 2011 ) and simulation studies (Strasburg and Rieseberg 2011) . Such investigations would violate the assumption, common to many coalescent based methods, that immigration rates have been constant throughout the lifespan of the coalescent tree (Kuhner 2006; Sousa et al. 2011) . Violation of this assumption may have contributed to the lack of convergence of LAMARC analyses in our study, although other problems have been noted to affect the analyses using coalescent-based methods (see Putman and Carbone 2014) .
Migratory fidelity and circumpolar population structure
The present analyses confirm previous findings of hierarchical global population structure in mtDNA haplotype data (Patenaude et al. 2007 ) using AMOVA and fixation indices, and extend these finding to microsatellite markers (Table 3, Supplementary Table 5 ). In particular, we document low but statistically significant differentiation between the Argentinean and South African nursery grounds at nuclear loci (microsatellite F ST = 0.001, Jost's D = 0.004, p < 0.01) ( Table 2 and Fig. 3) , and extend the previous findings of stronger differentiation in mtDNA haplotype data (Patenaude et al. 2007) .
Reduced connectivity between ocean basins is a common characteristic in cetaceans, which has been attributed to site fidelity, social structure and resource specialisation in toothed whales, and to migratory fidelity in baleen whales (Bowen et al. 2016) . Migratory fidelity, like other forms of philopatry or site fidelity, is hypothesised to be adaptive as it increased the chances of finding mates and/or suitable habitat, and may be favoured by natural selection, by enhancing the maintenance of co-adapted gene complexes (Greenwood 1980; Refsnider and Janzen 2010; Stiebens et al. 2013 ). In addition to many baleen whale species, such as humpback whales , natal philopatry is found in all seven sea-turtle species (Bowen et al. 2016 ), many shark (Chapman et al. 2015) and sea-bird species (e.g., Milot et al. 2008) , showing its ubiquity in migratory marine species.
We did not find evidence of sex-biased dispersal in SRWs, using indirect genetic methods based on the microsatellite genotypes. It might be that in SRWs, different genetic patterns are evident on distinct habitats across a migratory network, reflective of different patterns of gene flow or dispersal. For example, both males and females show long-term fidelity to nursery grounds, based on the photo-identification and genotype recapture studies (Carroll et al. 2013; Cooke et al. 2001) . Photo-identification studies, tracking individuals, and paternity analyses, showing recent patterns of gene flow, also indicate limited connectivity between the calving grounds within ocean basins, based on studies from the Indo-Pacific ocean basin (Pirzl et al. 2009; Carroll et al. 2012) . In contrast, gene flow between individuals that use different calving grounds could occur on shared migratory corridors, as suggested in Australian migratory habitats based on a combination of photoidentification and genetic data (Carroll et al. 2015) , or on shared feeding grounds. For example, whales from South African and Argentinean wintering grounds share summer feeding areas, based on photo-identification and stable isotope data (Best et al. 1993 ). This could facilitate the mating between whales from different wintering grounds on migratory corridors, or promote the temporary dispersal of whales between wintering grounds.
Sex-biased dispersal is not necessarily common in migratory marine species. In a recent review, Chapman et al. (2015) found residency and site fidelity occurred in both sexes in >50 studies in sharks, although many other studies examined such behaviours in only one sex. In turtles, which show strong natal philopatry, genetic connectivity is attributed to the occasional wanderer (Bowen et al. 2016) , rather than sex-biased dispersal. Even in a species with a similar life-history pattern to SRWs, with strong female philopatry, the humpback whale, there was no evidence that dispersal was sex biased on a global scale, based on a large genetic analysis (Jackson et al. 2014) .
Uncertain impact of whaling-era events in ABC analyses
The ABC analyses could not differentiate the scenarios with differences in very recent generations, including between those scenarios with changes in gene flow linked to the whaling era (e.g., between scenarios 5 and 6). This is consistent with findings that recent events are not accurately detected by the coalescent-based methods, due to datadriven and theoretical constraints (Boitard et al. 2016 , Wakeley et al. 2016 ). In the light of this finding, we ran additional analyses and found that, with the current dataset, the method did not have the power to differentiate between scenarios with and without a whaling-related bottleneck (See R code and Supplementary File 3) .
SRWs underwent a centuries-long demographic bottleneck due to whaling, and simulation studies suggest this reduced mtDNA haplotype number and diversity in the species (Jackson et al. 2008 ). Long-term exploitation of other cetacean species first hunted by pre-industrial whalers is also correlated with the decline in the genetic diversity (Alter et al. 2012; Waldick et al. 2002) . For example, bowhead whales appear to have lost unique mitochondrial lineages in contemporary populations, compared with historical samples, and this was attributed to the habitat loss during the Little Ice Age and/or whaling (Alter et al. 2012) . Any decline in diversity in nuclear genes like microsatellites is likely to be less severe than declines in mtDNA, given the larger effective population size. Indeed, high levels of nuclear diversity have been found in some great whale species, supporting the hypothesis that they have had large, long-term effective population sizes (e.g., Ruegg et al. 2013) . Furthermore, low levels of genetic diversity in pygmy blue whales (Balaenoptera musculus brevicauda) were found to be related to a founder event, rather than recent whaling, in an ABC study using both mtDNA and microsatellite data (Attard et al. 2015) . These examples highlight the importance of placing recent anthropogenic impacts in the long-term evolutionary context of a species.
The present study provides what appear to be the first estimates of N b for SRWs, using the bias-corrected linkage disequilibrium method (Waples 2006) , which produced similar results for the South Atlantic (N b = 365, 95% CI 241, 712) and Indo-Pacific ocean basins (N b = 331, 95% CI 230, 556). The estimates of N b for the Australian, Argentinean and South African wintering grounds were broadly similar, in the low hundreds. Morin et al. (2012) estimated N b for bowhead whale stocks using 22 microsatellite markers and also found estimates in the low hundreds: the small effective population size was attributed to whaling, but might also be due to life history traits similar across these related species. Given that the demographic bottleneck in SRWs happened in recent generations, it is likely that genomic-based methods that estimate effective population sizes through time using linkage disequilibrium methods (e.g., Hollenbeck et al. 2016) will be needed to determine the extent to which whaling impacted levels of nuclear genetic diversity.
As with all ABC studies, we could only compare a limited number of distinct hypotheses (Beaumont 2010) : in the present case, these were suggested by previous analyses of mtDNA data (Patenaude et al. 2007 ). Future studies should investigate models that explicitly incorporate sexbiased dispersal and allow migration rates to vary in response to anthropogenic disturbance and other environmental variables such as bathymetry. Given that we could decisively reject the continuous migration scenarios (1) (2) (3) in favour of the isolation and secondary contact scenarios (5 and 6) using only 17 polymorphic nuclear markers, future studies using whole-genome data seem likely to have power to estimate many such parameters.
Conservation implications of findings
Effective management of migratory species requires consideration of both the overall migratory network and the different migratory habitats it encompasses. Long-term photographic and genetic monitoring programmes show that females return regularly to their natal calving grounds across decades (Carroll et al. 2013; Rowntree et al. 2001 ). As recruitment is dependent upon female reproductive success, the persistence of these calving grounds is likely reliant on these philopatric females (Avise 2000) , and is unlikely to be supplemented by the recruitment from other calving grounds (Carroll et al. 2011; Clapham et al. 2008) . Therefore, SRW calving grounds seem likely to be substantially and demographically independent, which would imply that they qualify as separate sub-populations under the population concepts advocated by Wade and Angliss (1997) . On an evolutionary scale, female fidelity to wintering grounds will have contributed to significant differences in mtDNA haplotype frequencies between the wintering grounds, as presented here and in previous studies (Baker et al. 1999; Patenaude et al. 2007 ).
On a broader scale, vertical transmission of migratory preferences to both feeding and calving or breeding areas suggests an argument for ecological or demographic distinctiveness of the ocean basins, under the framework advocated by Crandall et al. (2000) . While not explicitly mentioned by those authors, behavioural variability is arguably as valid as morphological variability, when deciding if individuals from different populations are exchangeable. Vertical transmission of socially learned behaviour, such as learned migratory routes, can shape adaptation, and by favouring the conservation of migratory traditions, promote isolation between populations (Brakes and Dall 2016; Whiten 2017) . Recently it has been suggested that this 'second inheritance system' needs to be integrated into modelling and management of migratory marine species that face challenges from climate change, as migratory conservatism could limit responses to a changing environment (Keith and Bull 2017) . Therefore, we suggest that SRWs in the two ocean basins should be considered distinct population segments. The ABC and genetic analyses (STRUCTURE and F ST results) reject the null hypothesis of historical and contemporary genetic exchangeability, and the well-documented behavioural mechanisms are consistent with the observed levels of genetic differentiation. Our findings also suggest that nonequilibrium scenarios should be considered in future studies of population structure in migratory marine species. ABC techniques will make this feasible, even where low levels of differentiation and complex population histories pose severe challenges for other inference methods.
